Robotic operation is one of the major challenges in the remote maintenance of ITER vacuum vessel (VV) and future fusion reactors as inner operations of Tokamak have to be done by robots due to the internal adverse conditions. This paper introduces a novel remote handling robot (RHR) for the maintenance of ITER-like D-shaped vessel. The modular designed RHR, which is an important part of the remote handling system for ITER, consists of three parts: an omnidirectional transfer vehicle (OTV), a planar articulated arm (PAA), and an articulated teleoperated manipulator (ATM). The task of RHR is to carry processing tools, such as the viewing system, leakage detector, and electric screwdriver, to inspect and maintain the components installed inside the D-shaped vessel. The kinematics of the OTV, as well as the kinematic analyses of the PAA and ATM, is studied in this paper. Because of its special length and heavy payload, the dynamics of the PAA is also investigated through a dynamic simulation system based on robot technology middleware (RTM). The results of the path planning, workspace simulations, and dynamic simulation indicate that the RHR has good mobility together with satisfying kinematic and dynamic performances and can well accomplish its maintenance tasks in the ITER-like D-shaped vessel.
Introduction
The concept of magnetic confinement fusion (MCF) has long been explored to address the feasibility of nuclear fusion energy. The International Thermonuclear Experimental Reactor (ITER) project is an international collaboration to investigate the scientific and technological feasibility of MCF, which may be operated to test the future green energy roadmap as well as related facilities and technologies for the world before the middle of the 21st century [1] [2] [3] . Due to the internal adverse radiation conditions, inner operations of Tokamak have to be done by robot manipulators. Thus, robotic operation is one of the major challenges for ITER and future fusion reactors [4] . Owing to the plasma interactions, some in-vessel components are expected to erode enough to be repaired or replaced several times during the lifetime of the Tokamak. In particular, during the installation or after the shutdown, it is important and necessary for the remote handling (RH) system to execute the inspection and maintenance tasks in the vacuum vessel (VV). The RH system is a key component in ITER operation both for scheduled maintenance and unexpected situations [5] . The maintenance of VV involves various tasks, such as transportation, inspection, dust removal, testing, and other intelligent maintenance. Whilst ensuring confinement of radioactive dust contamination inside the VV, the robot must be operated remotely because it has no radiation shielding capabilities. Design efforts have been carried on at CEA LIST to develop a long reach articulated arm for ITER-like environment, which includes the Porteur Articulé en Cellule (PAC) manipulator [6] and the articulated inspection arm (AIA) [7] . The PAC is a long reach arm with 11 degrees of freedom (DOF) and less than 30 kg weight, developed at CEA LIST mainly for AREVA-NC applications. The AIA is an 8 m long multilink carrier with five modules of 160 mm diameter dedicated to perform inspection tasks on Tore Supra, but without other maintenance functionality. Keller et al. [8] used a CEA LIST Virtual Reality simulation software to study the accessibility of the working zone located in front of the Bioshield and the feasibility of connecting/disconnecting pipes using a set LGR A x is 1 Axis 2
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Axis 12 of standard industrial arms. However, the industrial robot they employed was not always suitable and flexible in the ITER environment for its large size and huge controller box. As intelligent maintenance requires high accuracy and a large workspace, commercially available industrial robots cannot be directly used. To this end, a remote handling robot (RHR) was developed by the Research Institute of Robotics in Shanghai Jiao Tong University (RIR/SJTU), China, to study the intelligent maintenance and remote teleoperation of ITER-like D-shaped vessel as an MCF facility. Meanwhile, a small-scale (1/10) Tokamak mockup ( Figure 1 ) was also designed and set up to test the robot performance and the feasibility of the remote handling system. In this project, the aim of this work is to introduce the new remote handling robot, analyze its kinematic and dynamic performances, and discuss the feasibility of the mechanical design and control method verified at least in the simulation. The rest of this paper is organized as follows. In Section 2, the novel RHR is introduced and the important study issues of the robot are also presented. The kinematic and dynamic analysis of the RHR is presented in Section 3. Section 4 is devoted to illustrative simulations and the corresponding results. In Section 5, conclusions are drawn and the future work is discussed.
The Remote Handling Robot (RHR)
The RHR, as shown in Figure 2 , is a mobile robot with a multiple degrees of freedom articulated arm. The RHR is composed of an omnidirectional transfer vehicle (OTV), a planar articulated arm (PAA), and an articulated teleoperated manipulator (ATM).
The OTV has four 8 heavy-duty Mecanum wheels and a linear guide rail (LGR) with a long travel of 2100 mm and maximum feed rate of 0.1 m/s. Although the AIA robot also has a transfer vehicle, it has a limited mobility and has to be operated by winches and guide rails on the ground [9] . In this paper, with the special mechanism of omnidirectional 3 wheels, the OTV is able to perform 3-DOF motion on the two-dimensional plane, which achieves translational and rotational movements simultaneously along arbitrary direction in the Tokamak room. The maximum linear velocity of the OTV is 0.3 m/s. The OTV together with LGR weighs about 226 kg and supports 200 kg loads. The LGR could make the PAA and ATM be deployed into the Dshaped vessel through the ball screw nut fitting. The Beckhoff high-performance AC servomotors are adopted as the actuators in the OTV because they are available in stainless steel designs and characterized by high dynamics, energy efficiency, low costs, and real-time (as they adopted the EtherCAT solutions). Connected to the OTV via the LGR, the PAA is a 2 m long multilink arm with a maximum payload up to 18 kg. The PAA has five modular planar joints with each module being 350 mm in length and the last link being 250 mm in length which give to the PAA six DOFs in total, as different colors indicated in Figure 2 (a). Each module of the PAA mainly includes a Maxon DC servomotor, 2 bevel gears, incremental and absolute encoders, a harmonic drive gear, and EtherCAT bus driver. The bevel gears can transform the rotational direction of the motor's axis and make the output shaft of the joint vertical. The incremental and absolute encoders are used to measure the relative position of the servomotor and the absolute position of the output shaft of the joint, respectively. The harmonic drive gear is adopted here because it has no backlash, compactness and light weight, and high gear ratio, which are very important factors for a long reach multiple-link arm. The EtherCAT bus driver is employed to perform the real-time communication and control. All the elements of the module are installed inside the link and are mostly made of aluminum alloy or stainless steel. The ATM installed on the end link of the PAA is a six-DOF articulated manipulator, which weighs approximately 13 kg with a load capacity of 1.5 kg. The structure of the ATM is like an industrial robot, which also has a spherical wrist wherein the three wrist axes (axes 11-13 as shown in Figure 2 (a)) intersect at a single point but is redesigned to adapt to the ITER-like D-shaped vessel environment. All the joints of the ATM are also driven by actuators with harmonic drive gears. The ATM is expected to perform the poloidal inspection and maintenance process when it is at the right toroidal position in the D-shaped vessel. With large workspace and adequate flexibility, the PAA and ATM can be deployed into the D-shaped vessel for the inspection or maintenance task through the equatorial access port. The PAA, the ATM, and the LGR make up the arm system. This paper investigates the important and necessary issues for the study of the RHR: path planning of the OTV, kinematic and dynamic analyses of the PAA, and kinematic and reachability analyses of the ATM.
As a result of the modular design of the whole robot, the operation of RHR is classified into three steps: (1) moving the OTV to the target equatorial access port and performing a docking with the port, (2) deploying the PAA and ATM into/out of the D-shaped vessel with combined motions of axes 1-7 in the horizontal plane, and (3) spreading out the ATM to execute the maintenance pertinent task. The design procedures and analysis methodologies may be adopted or developed further by other researchers for the development of relevant remote handling robots for ITER.
Robot Kinematics and Dynamics

Kinematics of the OTV.
To perform path planning of the OTV, the kinematics of the vehicle should first be solved. Figure 3 shows the coordinate system of the OTV and the configuration of omnidirectional wheels it adopts. The constraint equation between the angular velocity of the wheel and the velocity of the OTV (̇0,̇0, ) is represented by
where T ∈ R 4×3 denotes the transformation matrix from the velocity of the vehicle to that of the four wheels. It is possible to obtain the equations that determine the OTV's speed related with wheels' speeds but the matrix T associated with (1) is not square. This is because the four-wheeled system is redundant. In order to obtain the omnidirectional characteristic of the OTV, the matrix T has to be full column rank; that is, rank ( T) = 3. As for the OTV, the transformation matrix T can be derived as
where denotes the radius of the omniwheel, denotes the distance between the center of the omniwheel and the center of the OTV, and denotes the angle between and the axis, as depicted in Figure 3 .
Kinematic Analysis of the Arm System.
Owing to the modular design and operation procedure of RHR as mentioned in Section 2, the kinematics of the PAA and ATM can be calculated separately in the arm system. As the LGR has only one DOF and works in the procedure of the PAA's deployment into the D-shaped vessel, it will be included in the kinematic analysis of the PAA, acting as link 1. According to D-H convention and transformation theory between neighboring link coordinate systems, the homogeneous transformation matrix of the coordinate frame , as represented in the coordinate frame −1, can be expressed as [10] 
where the four quantities , , , and are parameters associated with link and joint , ≡ cos, and ≡ sin. As illustrated in Section 2, once the PAA is introduced into Dshaped vessel in the toroidal direction, the axes 1-7 ( Figure 2 ) will be fixed. The overall forward kinematics 0 13 T for the arm system can be divided into two kinematic equations: Consequently, the forward kinematics can be solved from (4) with D-H parameters. The Jacobian matrices relating the joint velocities to the linear and angular velocities of the endeffector can be obtained using the differential transformation method [10] , namely, J ∈ R 6×7 for the PAA (with LGR) and J ∈ R 6×6 for the ATM. Inverse kinematics is required to determine the angles of the joints and displacement of the LGR, while the pose of the end-effector of the ATM is given, and is used in the position control of the arm system. Given a target pose p = ( , , , , , ) , the inverse kinematics can be divided into two steps. First, the end-link pose of the PAA is derived as p = ( , , 1034.5, 0, 0, ) , where the height of the PAA is 1034.5 mm, and can be obtained from the equation of the center circle of the D-shaped vessel which is ( − 2471.96) 2 + 2 = 560 2 . The joint velocities of the PAA (with LGR) in joint space can be derived asq
where
is the vector of joint angles of the PAA (with LGR) and J + is the pseudoinverse of the Jacobian matrix J . The resolved motion rate control (RMRC) method [11] , which is a kind of numerical solutions, is then chosen for the integration of the joint velocities from 0 to to produce the joint angles
where q ( ) = q , q ,0 is the vector of initial joint angles of the PAA (with LGR), andq ( ) is derived from (5) . Second, as we could obtain T from p and p , respectively, 7 13 T could be obtained from (4), and the target pose in the ATM coordinate system could be derived as p . Then, the joint velocities of the ATM could be derived froṁ
where q = ( 8 , 9 , 10 , 11 , 12 , 13 ) is the vector of joint angles of the ATM and J + is the pseudoinverse of the Jacobian matrix J . The joint angles of the ATM can also be obtained by utilization of the RMRC method.
Dynamics of the PAA.
Aside from the kinematics of the arm system, dynamics is another important aspect for a robot, especially for the PAA in this RHR because of the special length and heavy payload of the arm. The dynamics also has a significant impact on the development of the mechanical design and control system. Excellent dynamic performance contributes to a simple and light structure, as well as a simple and reliable control system. Following [12] , in the absence of friction and disturbance, the dynamics of the PAA can be described as
where q ∈ R 6 is the vector of the generalized joint coordinates, ∈ R 6 is the vector of the generalized torques acting on the PAA, M(q) ∈ R 6×6 is the inertia matrix, C(q,q )q ∈ R 6 is the vector of Coriolis/centrifugal forces, and g(q) = H(q)/ q ∈ R 6 is the gradient of the potential function H(q). However, the computational cost of (8) is enormous [10] , ( 4 ), which made it infeasible for real-time use in actual application. So, the recursive Newton-Euler algorithm (RNEA) with ( ) computational complexity [13] is used to compute the inverse dynamics of the PAA. The RNEA starts at the base and works outward adding the velocity and acceleration of each joint in order to determine the velocity and acceleration of each link. Then, working from the endlink back to the base, it computes the forces and moments acting on each link and thus the joint torques. The RNEA can be written in the form = (q,q ,q ) .
During the motion control of the PAA, there will be uncertainty in the inertia parameters, unmodeled forces, or external disturbances. Thus, a feedback term is needed to compensate for any errors due to the uncertainty of the robot dynamics. Here, the inverse dynamics control method [14, 15] is used to compute the joint torques and deal with the dynamic uncertainty, wherein a PD controller is adopted as the feedback term. The inverse dynamics control method can be given by
where e = q − q is the vector of joint position errors, K and K are the position and velocity gain matrices, respectively, andq =q + Kė + K e. The control law of (10) controller. The inverse dynamics control is one of the modelbased motion control approaches for manipulators. In our previous work [15] , we have discussed the details about the inverse dynamics control, its application on the trajectory control of the articulated robot, and comparisons with PD controller. In practice, the joint space trajectory is always planned first; that is, the desired trajectory of motion q ( ) and its derivativesq ( ) andq ( ) could be obtained. Thus, we usually use (q ,q ,q + Kė + K e) to compute the required joint torques to achieve the desired motions of the robot [16] . The linear error equation is then derived as e + Kė + K e = 0.
If the gain matrices K and K are chosen as symmetric positive-definite matrices, then the closed-loop system is linear, decoupled, and globally stable.
Experimental Results
Path Planning of the OTV.
Since the environment of Tokamak building is comprised of static and well-structured scenarios, the path planning of the OTV could be executed offline, and the planned paths may be stored in a teaching file for further use. Fonte et al. [17] proposed a motion planning methodology for the transfer cask system (TCS) to operate in the cluttered and static ITER environment. Recently, they proposed the cask and plug remote handling system (CPRHS) to provide the means for the remote transfer of invessel components and remote handling equipment between the hot cell building (HCB) and the Tokamak building in ITER along predefined optimized trajectories [18] [19] [20] . However, they used a rhombic kinematic configuration with two pairs of drivable and steerable wheels in the vehicle which has a limited mobility comparing to the OTV adopted in this paper. In addition, challenges about how to evaluate the cell decompositions and how to improve the efficiency of the path planning still exist. In this paper, we employed the open motion planning library (OMPL) [21] and the RRT-Connect [22] algorithm to perform the path planning between a start position and the target position for docking to the equatorial access port, as presented in Figure 4 (a). The path planning methodology takes the geometry of the OTV into consideration, which will shorten the planning time. The average runtime of the path planning is approximately 0.26 s on a machine with an Intel i5-2400 CPU (3.1 Ghz) and 4 GB RAM (the same hereinafter). However, the initial path does not guarantee the path smoothness. Thus, the polynomial fitting method is utilized to fit the discrete trajectory data and obtain a smooth and continuous path for the robot. The polynomial fitting path is shown in Figure 4(b) , wherein the green arrows denote the OTV orientation. After the OTV moves to the target position which is always a little distance away from the equatorial access port, it will execute the docking process as introduced in Section 2. During this process, the control room will teleoperate the OTV remotely via EtherCAT bus to move towards the equatorial access port, wherein the orientation of the OTV could also be adjusted remotely and conveniently. In order to realize the docking to the equatorial access port of the ITER-like D-shaped vessel, we designed a pair of mounting flanges on the OTV and the access port, respectively. In the mounting flange on the OTV side, there are two taper holes for guiding and aligning to the circular truncated cone fixed on the equatorial access port. 
Workspace Simulation of the PAA.
A large workspace serves an important function for the PAA during the maintenance work in the D-shaped vessel. Concretely, the PAA could reach as much area as possible in the horizontal plane of the D-shaped vessel from the same access port; efficiency will be improved and the number of robots needed to fulfill the maintenance of ITER-like D-shaped vessel will be reduced. Peng et al. [23] introduced a long reach multiarticulated manipulator with ten degrees of freedom (DOFs) formed by a main robot and an end-effector. However, this robot could not cover all of the horizontal space in the EAST VV from the same access port. In this paper, the PAA of RHR could reach almost every corner of the horizontal plane of the D-shaped vessel with the associated movements of the LGR and PAA, as depicted in Figure 5 .
The workspace of the PAA has been investigated by MATLAB simulation utilizing Monte Carlo method as a random sampling numerical approach to create thousands of random joint series in the joint space. The forward kinematic model is then used to transform the joint space to the Cartesian space of the PAA's end-effector, which determines the workspace of the PAA. Figure 6 shows the workspace of the PAA (displacement of the LGR is 1500 mm) within the Dshaped vessel in the horizontal plane. Different colors denote different density of the reachable workspace at that position, wherein the amount of possible reachable configuration becomes larger when the color changes from green to red.
According to the definition of kinematic redundancy of a robot in literature [24] , the PAA together with the LGR is kinematically redundant as the dimension of the joint space is greater than the dimension of end-effector space. During the whole manipulator's insertion into the D-shaped vessel, the PAA has to be deployed into the equatorial access port first via motion planning. In this process, given a target posture, inverse kinematics of the PAA (with LGR) is employed to transform from task space to joint space. When the goal configuration in the joint space is obtained and valid, the motion planning based on RRT-Connect [22] is adopted to find a collision-free path from the start configuration to the goal configuration.
Workspace Simulation of the ATM.
The ATM is expected to perform the maintenance work inside the D-shaped vessel after being brought to a right toroidal position by the PAA. Owing to the planar feature of the PAA, the ATM needs to reach as much space as possible with its own mechanical structure so that the maintenance work can be done. Considering the workspace requirement and the size of a D-shaped cross section of the vessel, we designed a six-DOF ATM with optimized link lengths and mass distribution (see Figure 2) . As the PAA can reach almost every corner in the horizontal plane of the D-shaped vessel, only the reachability of the ATM at one position along the toroidal direction has to be analyzed, for example, the position on the center circle of D-shaped vessel. 
Dynamic Simulation of the PAA.
To investigate the dynamic properties of the PAA, a dynamic simulation system based on robot technology middleware (RTM) [25] was developed to study the dynamic performance for the purpose of verifying the current design's reliability and investigating the control algorithm's feasibility, as depicted in Figure 8 . In the dynamic simulation, we used the inverse dynamics control method which is based on the RNEA to calculate the joint torques that have to be applied on the PAA's joints. The implementation of (10) is realized in the controller module of the dynamic simulation system, as shown in Figure 8 . In order to make use of the planned data created by the motion planner to obtain the computed torques for controlling the motion of the robot, we make the inputs of the inverse dynamics controller as q ,q , andq +Kė +K e to compute the required joint torques. The PAA is required to follow the path from the initial position (Figure 2 ) to the fully unfolded position ( Figure 5 ) with or without 15 kg payload (include the mass of the ATM). The LGR is fixed during the simulation. The controller gains are chosen as K = 10000I and K = 120I. The motion planning for the path is done with joint space planning and Cartesian space planning in the motion planner module. From the simulation, the joint coordinates, velocities, accelerations, and torques along the path can be obtained. The desired joint trajectories are chosen to be fifth-order polynomials and are shown in Figure 9 . The joint velocity evolution of the PAA is presented in Figure 10 . The results reveal that the motions, velocities, and accelerations of each joint evolved smoothly. Figure 11 shows a comparison of torque evolution under no payload with that under a payload of 15 kg. The torque value of each joint is in the limitation of corresponding selected actuator. The value is larger when the PAA has a payload.
Conclusions and Future Work
In this paper, the kinematic and dynamic analyses of a novel RHR have been studied for the remote maintenance of an ITER-like D-shaped vessel. The RHR consists of three parts, namely, the OTV, the PAA, and the ATM. The PAA is connected to the OTV through the LGR, whereas the ATM is installed on the end link of the PAA. The path planning and trajectory optimization of the OTV show that the RHR has good mobility in the vehicle part. The modular design of the robot facilitates simple development and easy integration and offers the RHR simple kinematic formulations. The kinematic analysis of the arm system and the workspace simulations of the PAA and ATM show that the RHR is sufficiently dexterous to reach the needed workspace through the combined motions of the PAA and ATM such that at least one RHR is required to fulfill the inspection or maintenance tasks of the whole invessel surfaces. Workspace simulations of the PAA and ATM, together with the dynamic simulation of the PAA using the inverse dynamics control, were studied and integrated into the design process to verify the mechanical design and feasibility of control algorithms. All simulations indicated that the RHR has superior kinematic and dynamic performances and proved the feasibility and reliability of the robot in terms of the maintenance of the ITER-like D-shaped vessel. Considerable design, analysis, and investigations are required to move from the present status (mechanical design, supported by simulation analysis) to the final design and application on the actual remote handling system. Robustness, reliability, and flexibility of the RHR will be tested and improved during successive operating campaigns in a routine maintenance mode in the future.
